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BALLOON TRAJECTORY CONTROL 
SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

The present invention relates generally to controlling the 
trajectory of a balloon and more speci?cally to a control 
device located remotely from a balloon for providing desired 
forces for trajectory control. 

2. Description of Related Art 
Very feW devices have been used to control the trajecto 

ries of free balloons, such as balloons carrying scienti?c 
atmospheric sensing instruments. Propeller-driven airships 
can control their trajectories, for example, through modula 
tion of the speed and the pitch of a propeller. HoWever, the 
attainable altitudes and payload masses for airships are quite 
restricted in comparison to those of free balloons. Free 
balloons carrying science instruments typically drift freely 
in the prevailing Wind at a desired operating altitude. In 
many cases, launch of such balloons must be delayed until 
forecast Winds are projected to carry the balloon system into 
a region of interest or aWay from a forbidden Zone. 
Frequently, such balloon ?ights must be prematurely termi 
nated to avoid ?ying over speci?ed areas, to ensure that the 
payload can descend onto an appropriate landing site, or to 
avoid endangering densely populated regions. The ability to 
provide even a small amount of trajectory control could 
eliminate these reasons for termination. 

Previous approaches considered to control the trajectory 
of free balloons have included propellers, altitude control to 
select different Wind directions, and drag chutes on long 
tethers. 

Propellers require substantial poWer to drag a balloon 
through the atmosphere. The air has very loW density at the 
high altitudes typically required of scienti?c balloons. At 
these high altitudes, propellers must be quite large in order 
to generate substantial lift. Also, signi?cant amounts of 
poWer are typically unavailable for balloon systems due to 
the inherent need to keep Weight to a minimum. If the poWer 
is generated using solar cells, then nighttime operation is not 
possible Without very heavy batteries. If combustion pro 
vides the propulsive poWer, then the duration is limited by 
the Weight of portable fuel. These requirements for propul 
sive poWer are at odds With the need to keep the Weight loW. 

Several studies have been performed of concepts to propel 
lighter-than-air (LTA) vehicles. Naturally-shaped balloons 
driven by propellers suspended on relatively short tethers are 
discussed in “A Comparison of Several Very High Altitude 
Station Keeping Balloon Concepts,” by J. J. Vorachek, 
presented at 6th AF CRL Symposium, 1970, and “Advanced 
Balloon Systems as Photographic Platforms,” by R. R. Ross, 
presented at Earth Observations From Balloons, a 
Symposium, 1969. Both references discuss studies Wherein 
naturally shaped balloons With a propeller and a poWer plant, 
both suspended on a tether, Were tested in ?ight. According 
to these references, the operation of such devices Would be 
limited to a couple of days due to the large propulsive energy 
required. These references also discuss the dif?culties asso 
ciated With operating engines at high altitude. Air breathing 
engines require several stages of supercharging to increase 
the density to the point that it Will burn ef?ciently With fuel. 
In addition, both combustion engines and electric engines 
suffer from the dif?culty of rejecting the substantial Waste 
heat to prevent overheating in the loW density atmosphere. 

Another propeller driven LTA vehicle Was designed, as 
described in “POBAL-S, The Analysis and Design of a High 
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2 
Altitude Airship,” prepared for Air Force Cambridge 
Research Laboratories by Jack Beemer, et al., of Raven 
Industries in 1975. This document describes a propeller 
driven airship designed to operate at an altitude of 21 km for 
a period of about a Week. 

Both the propeller-driven balloon and the propeller-driven 
airship described above Were designed to maintain the 
position of an LTA vehicle above a speci?c point on the 
ground. Such operation requires the LTA vehicle to ?y at a 
relative speed equal to the Wind speed at the operating 
altitude. Since Winds can have speeds in the range 15—50 m/s 
(50—150 ft/s), this leads to signi?cant poWer requirements. 
An alternative approach is to control the altitude of an 

LTA vehicle to select an altitude at Which the Wind is moving 
in a favorable direction (or at least close to a desired 
direction). This is the main trajectory control technique used 
by sport balloonists With either hot-air balloons or helium 
balloons. Selecting altitudes at Which the balloon Will ?oat 
in order to select different drift directions also has many 
draWbacks. First, some means of controlling altitude must be 
provided. Operators of hot air sport balloons can raise or 
loWer the temperature of the lifting gas to adjust altitude, 
While operators of helium balloons tend to alternate betWeen 
dropping ballast Weight and venting lifting gas. This use of 
consumables ultimately limits the duration of the mission. 
Furthermore, carrying the ballast reduces the Weight avail 
able for the payload. Another draWback is that many 
balloon-borne science instruments, especially those used in 
astronomy and astrophysics experiments, need to be above 
most of the atmosphere (99%) and cannot acquire high 
quality data at loWer altitudes. Furthermore, good knoWl 
edge of the Wind is needed at different altitudes in order to 
select an appropriate altitude. Such detailed knowledge is 
usually unavailable during the ?ight. Thus, sport balloon 
?ying often involves signi?cant trial-and-error in seeking 
favorable altitudes. 
One approach for the control of altitude Without the use of 

ballast involved one balloon ?lled With helium and a second 
bag ?lled With a much denser refrigerant. At loW altitudes, 
the refrigerant Was a gas. At high altitude, the refrigerant 
condensed into a liquid. Thus, above a certain altitude, since 
the displaced volume of air decreased by the volume of gas 
that condensed, the overall buoyancy of the system 
decreased. As the system descended into Warmer air at a 
loWer altitude, the liquid vaporiZed again, thus expanding to 
displace a large volume of air. At this point, the buoyancy 
exceeded the Weight and the system ascended again. The 
system naturally cycled over a large range of altitudes 
Without discharging helium or ballast. This approach is 
described in “Balloon Altitude Control Experiment 
(ALICE),” by K. T. Nock, K. M. Aaron, et al. 11th AIAA 
Lighter-than-Air Systems Technology Conference, 1995. By 
trapping the liquid refrigerant in a pressure vessel and 
releasing it back into the sealed bag, it Would be possible to 
provide some control over the altitude. The time scale 
involved for each altitude cycle Was a feW hours. This 
altitude control scheme does not Work in the stratosphere; it 
requires the particular variation of temperature and pressure 
in the troposphere. 
A drag device, such as a parachute, can be deployed a 

signi?cant altitude beloW a balloon Where the Winds Will 
usually be bloWing in a different direction. Such an approach 
is described in Raytheon report R69-4041A, “Unique 
Approach to Balloon Station Keeping,” by E. R. Bourke II, 
1969. This approach can be used to generate a force that Will 
cause the balloon to move relative to the surrounding air. 
HoWever, the direction of the force is restricted essentially 
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to the direction the Wind is blowing at the altitude of the 
parachute. It is possible to use a Winch to raise or loWer the 
parachute to altitudes With different Wind directions, but this 
may require a signi?cant amount of time for changing the 
direction of the force. Also, a signi?cant amount of poWer 
may be required to raise such a device in the presence of 
both gravity and aerodynamic drag. In addition, good 
knoWledge of the Wind distribution With altitude is required. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of this invention to provide an 
ef?cient force-generating device to control the trajectory of 
a balloon. The force-generating device should preferably be 
oriented so that the lift force is predominantly horiZontal and 
transverse to the motion of the balloon. 

It is a further object of the current invention to provide a 
balloon control device that passively eXploits natural Wind 
conditions, permits the balloon to remain at a ?xed altitude 
and induces air ?oW past the balloon to sWeep aWay con 
taminants. 

It is a further object of the current invention to provide a 
device Which requires very little poWer and can be operated 
ef?ciently at night. 

The above and related objects of the present invention are 
realiZed by a system that includes a lift-generating device 
arranged to provide most of its lift in a horiZontal direction, 
suspended from a balloon or other lighter-than-air system on 
a tether. The system may also include a ?ap or rudder for the 
purpose of changing the lift generated by the lift-generating 
device. The lift-generating device and ?ap (or rudder) may 
be mounted on a frame, such as a boom, or else integrally 
joined. 

According to one aspect of the invention, the lift 
generating device includes a sail. In another aspect, the 
lift-generating device includes a Wing. In a third aspect, the 
lift-generating device includes a portion of a Whirligig 
arrangement. 

The ?ap may operate to change the lift generated by the 
lift-generating device by means of a change in orientation or 
motion of the lift-generating device. The tether is preferably 
sufficiently long so as to take advantage of natural Wind 
differences With altitude. 

The inventive device disclosed uses very little poWer to 
operate, can operate at night, can be made of very light 
Weight materials, does not require detailed knoWledge of the 
Wind ?eld, alloWs the balloon to remain at a ?Xed altitude, 
generates control forces having a greater range of magnitude 
and direction as compared With a comparably siZed drag 
device, can change the direction of the control force fairly 
rapidly, and operates at an altitude loWer than the balloon 
Where the air density is greater so that the device can be 
relatively small compared With the balloon. 

Another advantage relates to the support of scienti?c 
instruments. Some very sensitive science instruments mea 
sure trace gases in the atmosphere at very loW concentra 
tions of a feW parts per billion. Contaminants from the 
balloon itself, such as the helium lifting gas, or volatiles 
from the envelope material, can interfere With these sensitive 
measurements. A typical balloon drifts along With the local 
air mass and these contaminants accumulate in the vicinity 
of the balloon and gondola. Even a small relative air?oW, 
such as Would be caused by operation of the trajectory 
control device, Will sWeep aWay these contaminants and 
provide a fresh How of air samples to the science instru 
ments. 

Signi?cant variations With altitude eXist for Wind speed 
and direction. By operating the force-generating device Well 
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4 
beloW the balloon (perhaps several kilometers beloW), a 
signi?cant Wind difference betWeen the balloon and the 
force generating device is essentially guaranteed. The direc 
tion of the Wind is not overly important since the magnitude 
and direction of the lift force can be varied over a substantial 
range by controlling the angle of attack of the Wing, much 
like the ability of sailboats to travel in many different 
directions in the same Wind. 

Further objects and advantages of the current invention 
Will become apparent from a consideration of the draWings 
and detailed descriptions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and advantages of the invention 
Will become more apparent and more readily appreciated 
from the folloWing detailed description of the presently 
preferred exemplary embodiment of the invention taken in 
conjunction With the accompanying draWings, of Which: 

FIG. 1 illustrates a ?rst embodiment of the trajectory 
control device; 

FIG. 2 illustrates a second embodiment of the trajectory 
control device using an inverted sail; 

FIG. 3 illustrates a third embodiment of the trajectory 
control device With a canard con?guration; 

FIG. 4 illustrates a fourth embodiment of the trajectory 
control device With a biplane arrangement of Wings; 

FIG. 5 illustrates a third embodiment of the trajectory 
control device using a Whirligig arrangement; 

FIG. 6 illustrates the direction of rotation of the Whirligig 
arrangement in a Wind; 

FIG. 7 illustrates the non-rotating Whirligig arrangement 
With symmetric control ?ap deployment; 

FIG. 8 illustrates an embodiment of the Whirligig arrange 
ment using three panels; 

FIG. 9 illustrates an embodiment of the Whirligig arrange 
ment using four panels; 

FIG. 10 illustrates an embodiment of the Whirligig 
arrangement using a cylindrical cross-section; 

FIG. 11 illustrates the ?rst embodiment of the trajectory 
control device in conteXt suspended from a lighter-than-air 
system such as a balloon; and 

FIG. 12 illustrates a prior art device similar to the Whirli 
gig arrangement; 

DETAILED DESCRIPTION OF THE 
PRESENTLY PREFERRED EXEMPLARY 

EMBODIMENTS 

A preferred embodiment of the balloon trajectory control 
device of the present invention is illustrated in perspective in 
FIG. 1. The main lift-generating element is a Wing 1 
comprising a leading edge spar 3, a trailing edge spar 5, and 
a plurality of ribs 7. The leading edge spar 3, trailing edge 
spar 5 and ribs 7 support skin 9. The Wing 1 is attached to 
a boom 11 having a front end and a back end. A counter 
Weight 13 is attached to the front end of the boom 11. A 
rudder 15 and rudder actuator 17 are attached to the back end 
of the boom. Acontrol module 19 is mounted at a convenient 
location on the device. The control module includes a poWer 
source (not shoWn), if required, comprising a battery and a 
solar panel. A yoke 21 connects the boom 11 to a tether 23. 
The upper end of the tether is attached to a Winch 25 (not 
shoWn) mounted to an LTA system (eg a gondola of a 
balloon). 

The balloon trajectory control device shoWn in FIG. 1 is 
loWered from the LTA vehicle such as a gondola of a ?oating 
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balloon on the tether 23 that is relatively long. The length of 
the tether 23 may be several kilometers. The reason for the 
long tether 23 is to place the trajectory control device in a 
portion of the atmosphere at Which the Wind has a signi? 
cantly different velocity (speed or direction) from the Wind 
at the altitude of the balloon. Typical Wind pro?les are 
shoWn in FIG. 30.1 in “A Comparison of Several Very High 
Altitude Station Keeping Balloon Concepts” by J. J. 
Vorachek, cited above. 

The tether 23 is unWound from a spool using the Winch 25 
mounted on the LTA vehicle. The Winch 25 may be poWered 
or it may simply provide a passive means of loWering the 
trajectory control device at an acceptable rate, With the 
Weight of the trajectory control device serving to pull out the 
tether 23. In the latter case, the trajectory control device may 
be discarded at the end of the ?ight by severing the tether 23 
and providing a parachute for the device to control its rate 
of descent. If the Winch 25 is poWered, it may be used to 
raise or loWer the trajectory control device as desired to 
reach favorable altitudes or to restoW the device. If used With 
a sport balloon, the Winch 25 may be operated manually, or 
even eliminated. Under some conditions, the device could be 
hauled up hand-over-hand. 

The tether 23 may be a rope or a cable, for example, 
Woven Kevlar thread. More generally the tether 23 may be 
a non-rigid mechanical connection, for example, a chain 
Which is comprised of rigid links. A completely rigid tether 
may place severe structural limitations on the length of the 
tether because of the Weight of components. The boom 11 
may be a simple rigid member used for mounting the 
components of the system; more generally, this function 
could be accomplished by a frame, not necessarily rigid, 
suitable for this purpose. The rudder 15 may be a simple 
rigid member used for changing the orientation of the 
system; more generally, this function could be accomplished 
by a ?ap suitable for this purpose. 

The angle of attack of a lifting surface (e.g., a Wing) is 
de?ned as the angle betWeen the relative Wind and a refer 
ence chord line (i.e., a line running from the leading edge to 
the trailing edge of the Wing). Most aerodynamics texts 
include a de?nition of angle-of-attack. For example, a more 
precise de?nition can be found on page 10 of “Dynamics of 
Flight—Stability and Control,” second edition, by Bernard 
Etkin, Wiley and Sons 1982, incorporated herein by refer 
ence. The angle of attack of the Wing 1 is adjusted by setting 
the angle of the rudder 15 by means of the rudder actuator 
17 under the control of the control module 19. This arrange 
ment of a small control surface behind a large lifting surface 
is very analogous to the arrangement of the Wing and 
stabiliZer/elevator for an aircraft. It is also very similar to the 
arrangement of the keel and rudder of a sailboat. 

In order to keep the Wing 1 operating in a stable attitude, 
the center of mass of the suspended device must be some 
What ahead of the aerodynamic neutral point de?ned analo 
gously to the neutral point of an aircraft. If the suspension 
point, Which Will be essentially directly over the center of 
mass, is too far back, then the assembly Will sWing around, 
perhaps going tail ?rst, or crabbing along sideWays With the 
Wing stalled aerodynamically. Although this is not the pri 
mary intended mode of operating, it might actually be an 
advantageous state for certain Wind conditions in Which a 
large drag force is in the desired direction. A moving mass 
may be incorporated into the design of the device to adjust 
the center of mass so as to induce this kind of behavior. For 

the Wing 1 to ?y normally (i.e., not stalled), the center of 
mass should be suf?ciently far forWard, thereby necessitat 
ing the counterWeight 13. Since LTA vehicles usually have 
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6 
severe Weight constraints, it is undesirable to add “dead” 
Weight. For this reason, the control module 19, Which may 
constitute a signi?cant fraction of the total Weight, may be 
positioned someWhat ahead of the lift-generating device and 
serve additional duty as a counterWeight. HoWever, as for an 
aircraft, moving the center of mass too far forWard Will 
reduce the ability of the rudder to control the angle of attack 
of the main Wing 1. It is desirable for the center of mass to 
be placed in the same range as for subsonic aircraft. For such 
aircraft, the center of mass typically is placed Within the 
approximate range of 5% to 15% of the mean Wing chord 
ahead of the neutral point. The prediction of the neutral point 
location is someWhat involved, but the procedure is gener 
ally knoWn to those of ordinary skill and is available from 
numerous references. The longitudinal stability for aircraft 
can be found in “Aerodynamics, Aeronautics, and Flight 
Mechanics,” by B. W. McCormick, Wiley 1979 on pages 
479—483, incorporated herein by reference. The Wing and 
horiZontal stabiliZer of the aircraft are analogous to the Wing 
1 and rudder 15 of the trajectory control device. The lateral 
component of the force from the tether 23 is analogous to the 
Weight of the aircraft When the pitching moment equations 
are developed. 

Also in analogy to aircraft, a canard con?guration could 
be used in the trajectory control device. In a canard 
con?guration, the smaller stabiliZing surface is placed ahead 
of the main lifting surface. This is discussed more fully 
beloW. 

Depending upon the needs of the particular balloon ?ight, 
the control module 19 may receive commands from the 
balloon gondola by radio or by other communication means. 
Alternatively, the control module 19 may be preprogrammed 
prior to launch of the balloon system. 
One of the advantages of the trajectory control device is 

that it can be operated in different modes With more or less 
complexity depending on the desired degree of trajectory 
control. For example, if the purpose is simply to provide a 
bias air?oW past the supporting balloon to sWeep aWay 
contaminants to improve the performance of sensitive 
instruments, then the rudder 15 could be set at a ?xed angle 
before the ?ight. This ?xed angle could be selected based on 
a desired relative velocity coupled With prior knoWledge of 
the expected Winds at the altitudes of the balloon and the 
Wing 1. 

The prevailing Winds typically are in a generally easterly 
or Westerly direction depending on the season. A long 
duration balloon may go around the earth several times. In 
order to force a general drift toWards the pole of the earth (or 
perhaps aWay from the pole and toWard the equator), then 
the angle could be preset before launch based on the knoWn 
prevailing Winds and the desired drift direction. 

If the device is used to assist a long distance sport 
balloonist, a left-Zero-right control scheme may be adequate. 
The pilot could send a command to the device corresponding 
to maximum lift to the left, maximum lift to the right, or Zero 
lift. This Would permit the balloonist to avoid over?ight of 
populated regions or to aid in achieving a desired landing 
site. In the Zero lift (Zero angle-of-attack) condition, the only 
signi?cant aerodynamic force Would be the drag. This Would 
have relatively small in?uence on the drift rate of the 
balloon. 
A more complex control scheme, perhaps under autono 

mous control, could command the Wing 1 to “tack” doWn 
Wind across the Wind. The Wing Would traverse a long ZigZag 
pattern across the average ?ight path. This Would increase 
the relative Wind speed of the Wing and therefore the 
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maximum aerodynamic force too. This approach could 
provide signi?cantly greater control over the trajectory 
direction, requiring a more involved set of control algo 
rithms. 

If the trajectory requirements are suf?ciently Well knoWn 
before the ?ight, then it may be possible to program the 
controller thus eliminating the need for a command link. In 
this case, a navigational system Would be added (e.g., a 
Global Positioning System unit). 

Since it is likely that the payload (located in the gondola) 
Will have a command link (eg radio) to remote operators, 
another command link (perhaps a Wire in the tether) betWeen 
the gondola and the trajectory control device could be used 
to relay directions to the trajectory control device. 
Alternatively, the device could be controlled by a separate 
direct command link from the ground to the device. 

For the passive control approaches described above, no 
poWer source is required since the rudder can be preset. For 
the controlled versions, some poWer source Will be needed 
to move the rudder 15 and perhaps to communicate With the 
LTA system. Various poWer sources could be used. For short 
duration missions, a primary (non-rechargeable) battery may 
be suf?cient. For longer ?ights, a solar panel may be a 
preferred choice, coupled With a rechargeable battery to 
continue operation in the dark. 

If coupled With a poWered lighter than air vehicle, such as 
a blimp or dirigible, then the trajectory control device may 
be able to provide a component of lift against the Wind, 
someWhat similar to the tacking of a sailboat. A possible 
advantage of using the Wing to augment the propulsion of 
the airship is that it operates in much denser air and can 
therefore generate a signi?cant aerodynamic force, Which 
may reduce the energy required for the airship. 

For many of the control schemes described above, a set of 
sensors Would be installed to measure useful aerodynamic 
data that Would be helpful in controlling the operation. A 
typical suite of sensors may measure angle-of-attack, Wind 
speed, temperature, pressure, humidity, etc. For control 
schemes that vary the operating altitude to improve 
performance, it may be desirable to disperse several instru 
ment packages along the tether to take direct measurements 
of conditions at different altitudes. 
A second embodiment of a balloon trajectory control 

device is shoWn in FIG. 2. The main lift-generating element 
31 is shoWn comprising an inverted sail 33, a mast 35, and 
a plurality of battens 37. The sail 33 and mast 35 are attached 
to a boom 39 having a front end and a back end. A 
counterWeight 41 is attached to the front end of the boom. 
A rudder 43 and rudder actuator 45 are attached to back end 
of the boom. Acontrol module 41 is mounted at a convenient 
location. The control module 41 includes a poWer source 
(not shoWn), if required, comprising a battery and a solar 
panel. Ayoke 49 connects the boom to a tether 51. The upper 
end of the tether is attached to a Winch 53 (not shoWn) 
mounted to an LTA system (eg a gondola of a balloon). 

The operation of the sail version of the trajectory control 
device is very similar to the operation of the Wing version 
(FIG. 1). The use of a sail rather than a double-sided airfoil 
section is expected to have someWhat less ef?cient aerody 
namic performance. HoWever, this may be offset by the 
possible loWer cost and mass. Indeed, it may be possible to 
use an existing sailboat sail rather than developing a custom 
design. 

Battens are thin ribs inserted into horiZontal pockets seWn 
into sails to stiffen the sail material, to improve the aerody 
namic shape, and to reduce luf?ng (i.e., ?apping in the 
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Wind). They are often used on catamaran sailboats With their 
higher speed than regular sailboats. Although not required 
for the essential operation of the trajectory control device, it 
is expected that battens 37 Will improve performance for the 
same reasons they are used in sailboat sails. 

The rudder is shoWn as a “?ying” control surface meaning 
that the entire aerodynamic surface is rotated. For structural 
reasons, it may be preferable to use a more conventional 
?xed ?n and moveable rudder. Either Will serve the func 
tions of stabiliZing the Weathercock motion of the main 
lifting surface and adjusting the angle of attack of the main 
lifting surface. 

In FIG. 2, the control module 47 is shoWn With a more 
forWard position indicating its ability to act in part as a 
counterWeight. 
A third embodiment of a trajectory control device is 

shoWn in FIG. 3. In this embodiment, the stabiliZing surface 
is placed ahead of the main lifting surface. When used on an 
aircraft, the small forWard stabiliZer is called a canard and 
the arrangement is referred to as a canard con?guration. 

The operation of the canard con?guration is very similar 
to the operation of the preferred embodiment With its 
conventional arrangement (stabiliZer behind the main Wing). 
Although the canard con?guration looks unstable, the 
requirement that the center of gravity be ahead of the neutral 
point is identical to that of the conventional con?guration. 
A fourth embodiment of a trajectory control device is 

shoWn in FIG. 4. In this embodiment, a biplane arrangement 
is used for the main lifting generating element. It is shoWn 
With a conventional arrangement With the stabiliZer behind 
the main Wings. 
The operation of the device With a biplane (or triplane, or 

more) is identical to the operation With a single Wing. An 
advantage of this con?guration is structural: the box-like 
structure has inherently greater stiffness than for a mono 
plane. Similarly, the rudder could comprise multiple sur 
faces as Well. 

A?fth embodiment of a trajectory control device is shoWn 
in FIG. 5. The control device comprises a Whirligig arrange 
ment 61, Whereby the device turns in the Wind While 
generating a lift force. 

The Whirligig arrangement 61 comprises a panel 63, at 
least one control ?ap 65, and at least one control ?ap 
actuator 67. The particular embodiment shoWn includes tWo 
?aps. The ?aps 65 are hinged such that the angle betWeen the 
?aps and the panel can be adjusted. A control module 69 is 
mounted at a convenient location. The control module 
includes a poWer source (not shoWn), if required, comprising 
a battery and a solar panel. A sWivel 71 connects the 
Whirligig arrangement 61 to a tether 73 Which is connected 
to a Winch 75 (not shoWn) attached to an LTA vehicle. 

The construction of the Whirligig arrangement can be 
accomplished in several Ways, as Would be apparent to one 
skilled in the fabrication of lightWeight aerodynamic sur 
faces. For example, ribs can be formed using lightWeight 
tubes and covered With a thin fabric or polymeric ?lm. For 
some classes of missions, the panels can be formed from a 
loW-density essentially solid material such as Styrofoam. 
These comments apply equally Well to all embodiments. 
By its design, the Whirligig arrangement 61 turns in the 

Wind While generating a lift force, analogously to designs of 
various toys or kites. A Whirligig design from the prior art is 
illustrated in FIG. 12, Where the directions of Wind and lift 
force are shoWn. This effect Whereby there is a force 
perpendicular to the relative air?oW is the Magnus effect, 
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Which accounts for curve balls in sports. This effect is 
discussed further on page 265 in “Mechanics of Fluids,” 
third edition, by B. S. Massey, Van Nostrand, 1976, incor 
porated herein by reference. The Whirligig design from the 
prior art comprises an elliptical styrofoam paddle With an 
S-shaped cross-section and a stiffening stick running 
through the long axis of the ellipse. The ends of the stick are 
connected by sWivels to a yoke of string, Which is fastened 
to the kite string. This toy operates With the stick horiZontal 
and generates a vertical force due to the rotation in the Wind. 
The upWard force is suf?cient to overcome the Weight of the 
toy, Which is stabiliZed by its central disk structure. 

The Whirligig arrangement 61 of FIG. 5 operates on the 
same principle, although its axis is vertical rather than 
horiZontal so the lift force is to the side rather than upWard. 
The Whirligig arrangement 61 is suspended on the long 
tether 73 from an LTA vehicle such that, relatively speaking, 
there is a predominantly horiZontal How of air. When the 
control ?aps 65 are deployed antisymmetrically as shoWn in 
FIG. 5 the Whirligig 61 rotates about an axis that is essen 
tially vertical. In FIG. 6 the direction of rotation is illustrated 
along With the directions of the Wind W and the lift L. The 
Whirligig Will rotate in this direction regardless of the 
direction of the Wind W. By reversing the angles of both 
?aps 65, the direction of rotation of the Whirligig can be 
reversed. This Will have the desired effect of changing the 
direction of the lift force L. Thus, if the orientations of the 
?aps 65 in FIG. 6 are reversed, then both the direction of 
rotation Will be reversed as Well as the direction of the 
resulting lift L. 
By deploying the ?aps 65 symmetrically, the rotation Will 

be suppressed and the panel 63 Will stabiliZe broadside to the 
Wind With the tWo ?aps 65 angled back. This Will have the 
effect of producing a pure drag force, Which may be pref 
erable depending on the Wind directions and desired trajec 
tory. FIG. 7 shoWs the con?guration With tWo control ?aps 
deployed symmetrically and indicates the direction of the 
drag force D due to the Wind W. 
By incorporation of the capabilities illustrated in FIG. 6 

and FIG. 7, one can generate a range of effective forces by 
simple adjustment of each of the ?aps. It is possible to vary 
the relative angles of the ?aps betWeen the extreme values 
of “up” and “doWn.” In addition, cycling ?ap positions in 
sequence can create an effective or average force. 

FIG. 8 shoWs an alternative embodiment of a Whirligig 
arrangement With three panels 63 and three control ?aps 65. 
FIG. 9 shoWs an alternative embodiment of a Whirligig 
arrangement using four panels 63 and ?aps 65. These ?gures 
indicate that the number of panels 63 can be varied signi? 
cantly. Further, it is not necessary that each panel 63 have a 
control ?ap 65. A single control ?ap 65 may be suf?cient to 
maintain rotation. 

FIG. 10 shoWs yet another embodiment of the Whirligig 
arrangement in Which a rotating cylinder is used as the 
lift-generating device. Control ?aps 65 are also used to 
impart rotation to the cylinder. 

Thus, a variety of Whirligig arrangements are possible, 
and, even Without a mechanism for control, lift generation 
can be achieved. The body of a Whirligig arrangement refers 
generally to a structure suitable for the mounting of control 
?aps, control ?ap actuators, and control modules in a 
Whirligig arrangement (e.g., the panel 63 in FIG. 5 and the 
cylinder in FIG. 10). 

FIG. 11 illustrates the preferred embodiment of the tra 
jectory control device shoWn in context suspended from a 
balloon and gondola. The relative scaling shoWn is some 
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What arbitrary. The device can operate over a signi?cant 
range of siZes. Also, the length of the tether is likely to be 
longer than shoWn, but no restriction of the length should be 
inferred from the diagram. 
Any method of generating an aerodynamic force can be 

used to impart a force to the LTA vehicle. The particular 
examples of lift-generating devices illustrated here are 
intended to be exemplary, and not exclusive. 

Although only a feW exemplary embodiments of this 
invention have been described in detail above, those skilled 
in the art Will readily appreciate that many modi?cations are 
possible in the exemplary embodiments Without materially 
departing from the novel teachings and advantages of this 
invention. Accordingly, all such modi?cations are intended 
to be included Within the scope of this invention. 

I claim: 
1. A trajectory-control device for a lighter-than-air 

system, comprising: 
a frame; 
a lift-generating device mounted on the frame; 
a ?ap mounted on the frame; and 
a tether, the tether having a ?rst end connected to the 

frame and a second end for connecting the trajectory 
control device to the lighter-than-air system, Wherein 
the trajectory-control device passively generates force 
on the lighter-than-air system from air?oW differences 
betWeen the lighter-than-air system and the lift 
generating device. 

2. A trajectory-control device as claimed in claim 1, 
Wherein the lift-generating device includes a sail. 

3. A trajectory-control device as claimed in claim 1, 
Wherein the lift-generating device includes a Wing. 

4. A trajectory-control device as claimed in claim 1, 
Wherein the lift-generating device includes a body of a 
Whirligig arrangement. 

5. A trajectory-control device as claimed in claim 1, 
Wherein the tether includes a cable. 

6. A trajectory-control device as claimed in claim 1, 
Wherein the frame includes a boom that connects the lift 
generating device and the ?ap. 

7. A trajectory-control device as claimed in claim 6, 
further comprising a counterWeight mounted on the boom, 
Wherein the counterWeight adjusts a center of mass of the 
trajectory-control device. 

8. A trajectory-control device as claimed in claim 1, 
further comprising: 

an actuator connected to the ?ap for adjusting a relative 
orientation of the ?ap; and 

a control system for commanding the actuator. 
9. A trajectory-control device as claimed in claim 1, 

Wherein the tether has an extended length of at least 0.5 km. 
10. A trajectory-control device as claimed in claim 1, 

Wherein the tether has an extended length that is suf?ciently 
large for controlling a trajectory of the lighter-than-air 
system. 

11. A trajectory-control device for a lighter-than-air 
system, comprising: 

a frame; 
a lift-generating device mounted on the frame; 
a ?ap mounted on the frame; 
an actuator connected to the ?ap for adjusting a relative 

orientation of the ?ap; 
a control system for commanding the actuator; and 
a tether, the tether having a ?rst end connected to the 

frame and a second end for connecting the trajectory 
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control device to the lighter-than-air system, and the 
tether having an extended length of at least 0.5 km, 
Wherein the trajectory-control device passively gener 
ates force on the lighter-than-air system from air?ow 
differences betWeen the lighter-than-air system and the 
lift-generating device. 

12. A trajectory-control device for a lighter-than-air 
system, comprising: 

a frame; 
a lift-generating device mounted on the frame; 
a ?ap mounted on the frame; 
an actuator connected to the ?ap for adjusting a relative 

orientation of the ?ap; 
a control system for commanding the actuator; and 
a tether, the tether having a ?rst end connected to the 

frame and a second end for connecting the trajectory 
control device to the lighter-than-air system, Wherein 
the trajectory-control device passively generates force 
on the lighter-than-air system from air?oW differences 
betWeen the lighter-than-air system and the lift 
generating device, and the tether has an extended 
length that is suf?ciently large for controlling a trajec 
tory of the lighter-than-air system. 

13. A trajectory-control device for a lighter-than-air 
system, comprising: 

a lift-generating device; 
a ?ap mounted on the lift-generating device; and 
a tether, the tether having a ?rst end connected to the 

lift-generating device and a second end for connecting 
the trajectory-control device to the lighter-than-air 
system, Wherein the trajectory-control device passively 
generates force on the lighter-than-air system from 
air?oW differences betWeen the lighter-than-air system 
and the lift-generating device. 

14. A trajectory-control device as claimed in claim 13, 
Wherein the lift-generating device includes a body of a 
Whirligig arrangement. 

15. A trajectory-control device as claimed in claim 13, 
Wherein the tether includes a cable. 

16. A trajectory-control device as claimed in claim 13, 
further comprising: 

an actuator connected to the ?ap for adjusting a relative 
orientation of the ?ap; and 

a control system for commanding the actuator. 
17. A trajectory-control device as claimed in claim 13, 

Wherein the tether has an extended length of at least 0.5 km. 
18. A trajectory-control device as claimed in claim 13, 

Wherein the tether has an extended length that is suf?ciently 
large for controlling a trajectory of the lighter-than-air 
system. 

19. A trajectory-control device for a lighter-than-air 
system, comprising: 

means for generating lift from air velocity differences; 
and 

means for connecting the lift-generating means to the 
lighter-than-air system, Wherein the connecting means 
is non-rigid, and the trajectory-control device passively 
generates force on the lighter-than-air system from 
air?oW differences betWeen the lighter-than-air system 
and the lift-generating means. 

20. A trajectory-control device according to claim 19, 
Wherein 

the lift-generating means includes means for controlling a 
lift force generated by the lift-generating means. 

21. A trajectory-control device according to claim 19, 
Wherein the connecting means has an extended length of at 
least 0.5 km. 

22. A trajectory-control device according to claim 19, 
Wherein the connecting means has an extended length that is 
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suf?ciently large for controlling a trajectory of the lighter 
than-air system. 

23. An aircraft comprising a lighter-than-air system and a 
trajectory-control device, the trajectory-control comprising: 

a frame; 
a lift-generating device mounted on the frame; 

a ?ap mounted on the frame; and 
a tether, the tether having a ?rst end connected to the 

frame and a second end connected to the lighter-than 
air system, Wherein the trajectory-control device pas 
sively generates force on the lighter-than-air system 
from air?oW differences betWeen the lighter-than-air 
system and the lift-generating device. 

24. An aircraft as claimed in claim 23, Wherein the 
lift-generating device includes a sail. 

25. An aircraft as claimed in claim 23, Wherein the 
lift-generating device includes a Wing. 

26. An aircraft as claimed in claim 23, Wherein the 
lift-generating device includes a body of a Whirligig arrange 
ment. 

27. An aircraft as claimed in claim 23, Wherein the tether 
includes a cable. 

28. An aircraft as claimed in claim 23, Wherein the frame 
includes a boom that connects the lift-generating device and 
the ?ap. 

29. An aircraft as claimed in claim 28, Wherein 
the lift-generating device further comprises a counter 

Weight mounted on the boom so that the counterWeight 
adjusts a center of mass of the traj ectory-control device. 

30. An aircraft as claimed in claim 23, Wherein the 
trajectory-control device further comprises: 

an actuator connected to the ?ap for adjusting a relative 
orientation of the ?ap; and 

a control system for commanding the actuator. 
31. An aircraft as claimed in claim 23, Wherein the tether 

has an extended length of at least 0.5 km. 
32. An aircraft as claimed in claim 23, Wherein the tether 

has an extended length that is suf?ciently large for control 
ling a trajectory of the lighter-than-air system. 

33. An aircraft comprising a lighter-than-air system and a 
trajectory-control device, the trajectory-control device com 
prising: 

a frame; 
a lift-generating device mounted on the frame; 
a ?ap mounted on the frame; 
an actuator connected to the ?ap for adjusting a relative 

orientation of the ?ap; 
a control system for commanding the actuator; and 
a tether, the tether having a ?rst end connected to the 

frame and a second end connected to the lighter-than 
air system, and the tether having an extended length of 
at least 0.5 km, Wherein the trajectory-control device 
passively generates force on the lighter-than-air system 
from air?oW differences betWeen the lighter-than-air 
system and the lift-generating device. 

34. An aircraft comprising a lighter-than-air system and a 
trajectory-control device, the trajectory-control device com 
prising: 

a frame; 
a lift-generating device mounted on the frame; 
a ?ap mounted on the frame; 
an actuator connected to the ?ap for adjusting a relative 

orientation of the ?ap; 
a control system for commanding the actuator; and 
a tether, the tether having a ?rst end connected to the 

frame and a second end connected to the lighter-than 
air system, Wherein the trajectory-control device pas 
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sively generates force on the lighter-than-air system 
from air?ow differences between the lighter-than-air 
system and the lift-generating device, and the tether has 
an extended length that is suf?ciently large for control 
ling a trajectory of the lighter-than-air system. 

35. An aircraft comprising a lighter-than-air system and a 
trajectory-control device, the trajectory-control device com 
prising: 

a lift-generating device; 
a ?ap mounted on the lift-generating device; and 
a tether, the tether having a ?rst end connected to the 

lift-generating device and a second end connected to 
the lighter-than-air system, Wherein the trajectory 
control device passively generates force on the lighter 
than-air system from air?oW differences betWeen the 
lighter-than-air system and the lift-generating device. 

36. An aircraft as claimed in claim 35, Wherein the 
lift-generating device includes a body of a Whirligig arrange 
ment. 

37. An aircraft as claimed in claim 35, Wherein the tether 
includes a cable. 

38. An aircraft as claimed in claim 35, further comprising: 
an actuator connected to the ?ap for adjusting a relative 

orientation of the ?ap; and 
a control system for commanding the actuator. 
39. An aircraft as claimed in claim 35, Wherein the tether 

has an extended length of at least 0.5 km. 
40. An aircraft as claimed in claim 35, Wherein the tether 

has an extended length that is suf?ciently large for control 
ling a trajectory of the lighter-than-air system. 

41. A method for trajectory control of a lighter-than-air 
system, comprising: 

connecting a lift-generating device to the lighter-than-air 
system With a tether; 

connecting a ?ap to the lift-generating device, Wherein a 
relative orientation of the ?ap controls force on the 
lighter-than-air system that is passively generated from 
air?oW differences betWeen the lighter-than-air system 
and the lift-generating device; and 

adjusting the relative orientation of the ?ap. 
42. A method as claimed in claim 41, Wherein the lift 

generating device includes a sail. 
43. A method as claimed in claim 41, Wherein the lift 

generating device includes a Wing. 
44. A method as claimed in claim 41, Wherein the lift 

generating device includes a body of a Whirligig arrange 
ment. 

45. A method as claimed in claim 41, further comprising: 
extending the tether so that the tether has an extended length 
of at least 0.5 km. 

46. A method as claimed in claim 41, further comprising: 
extending the tether so that the tether has an extended length 
that is suf?ciently large for controlling a trajectory of the 
lighter-than-air system. 

47. A trajectory-control device for a lighter-than-air 
system, comprising: 

a lift-generating device; and 
a tether, the tether having a ?rst end connected to the 

lift-generating device and a second end for connecting 
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the trajectory-control device to the lighter-than-air 
system, Wherein the trajectory-control device passively 
generates force on the lighter-than-air system from 
air?oW differences betWeen the lighter-than-air system 
and the lift-generating device. 

48. A trajectory-control device as claimed in claim 47, 
Wherein the lift-generating device includes a body of a 
Whirligig arrangement. 

49. A trajectory-control device as claimed in claim 47, 
Wherein the tether includes a cable. 

50. A trajectory-control device as claimed in claim 47, 
Wherein the tether has an extended length of at least 0.5 km. 

51. A trajectory-control device as claimed in claim 47, 
Wherein the tether has an extended length that is suf?ciently 
large for controlling a trajectory of the lighter-than-air 
system. 

52. An aircraft comprising a lighter-than-air system and a 
trajectory-control device, the trajectory-control device com 
prising: 

a lift-generating device; and 
a tether, the tether having a ?rst end connected to the 

lift-generating device and a second end connected to 
the lighter-than-air system, Wherein the trajectory 
control device passively generates force on the lighter 
than-air system from air?oW differences betWeen the 
lighter-than-air system and the lift-generating device. 

53. An aircraft as claimed in claim 52, Wherein the 
lift-generating device includes a body of a Whirligig arrange 
ment. 

54. An aircraft as claimed in claim 52, Wherein the tether 
includes a cable. 

55. An aircraft as claimed in claim 52, Wherein the tether 
has an extended length of at least 0.5 km. 

56. An aircraft as claimed in claim 52, Wherein the tether 
has an extended length that is suf?ciently large for control 
ling a trajectory of the lighter-than-air system. 

57. A method for trajectory control of a lighter-than-air 
system, comprising: 

connecting a lift-generating device to the lighter-than-air 
system With a tether for passively generating force on 
the lighter-than-air system from air?oW differences 
betWeen the lighter-than-air system and the lift 
generating device. 

58. A method as claimed in claim 57, Wherein the lift 
generating device includes a sail. 

59. A method as claimed in claim 57, Wherein the lift 
generating device includes a Wing. 

60. A method as claimed in claim 57, Wherein the lift 
generating device includes a body of a Whirligig arrange 
ment. 

61. A method as claimed in claim 57, further comprising: 
extending the tether so that the tether has an extended length 
of at least 0.5 km. 

62. A method as claimed in claim 57, further comprising: 
extending the tether so that the tether has an extended length 
that is suf?ciently large for controlling a trajectory of the 
lighter-than-air system. 

* * * * * 


